Abstract. Shear walls are added to a structural system to reduce lateral deformations in moment resisting frames and are designed to carry a major portion of lateral load induced by an earthquake. A small percentage error in the shear wall calculation will have a significant effect on the frame forces. The results show that even a slight difference in structural assumption, or modeling, results in significant differences. Some of these differences are beyond the values that are covered by safety factors for errors in modeling. The differences are more obvious in the upper stories. It is not recommended to overestimate shear wall stiffness, nor underestimate frame stiffness.
Introduction
This paper is based on shear wall-frame interaction calculations that were discussed by Surahman [1] . Due to their rigidities, shear walls take most of the lateral loads exerted on a building during the earthquake. A small error in force calculations on the shear wall results in higher percentage errors in the frame forces calculations. More in-depth discussions are elaborated upon in this paper.
Three different shear wall models are discussed. The first is the free-standing shear wall, which is corrected by resisting moments from the boundary beams. The second is the equivalent frame model, where the shear wall is treated and modeled as a column. At every story, there is a rigid beam connecting the center of the shear wall and the boundary beam. To account for shear deformation, the bottom of the column is connected to the joint by a very short horizontal beam. The third is the more rigorous finite element (shell element) model. The effects of shear and axial deformations are also considered in this paper.
Two boundary beam models are considered. The first is a rigid beam that can provide a resisting moment to the shear wall, and the second is a simple beam (hinged beam) that does not provide a resisting moment. Three different structures are evaluated. Structure A is a five-storied shear wall-frame structure with hinged boundary beams, whereas structures B and C are four-storied and ten-storied shear wall-frame structures, respectively, both with rigid boundary beams.
Various Calculation Methods
The simplest method is the manual calculation developed by Muto [2] , assuming that the resisting moments from the boundary beams are small compared to the moments carried by the shear wall. This method is derived from a free-standing shear wall that is subjected to horizontal forces, which undergo bending and shear deformations that induce force to the adjacent frames. Detailed calculation formulations are given in [1] . Manual calculations by Muto [2] were further developed by Khan and Sbarounis [3] . The second method is the matrix method using the equivalent frame model. In this method the shear wall panel is modeled as a column in the center line, with a rigid beam connecting the shear wall center line and the boundary beam at the edge of the shear wall, as shown in Figure 1 (c). To accommodate for the shear deformation of the wall panel, the column is connected at the bottom to a short beam similar to the one connecting the shear wall centerline and the boundary beam, but with an area such that the axial stiffness is equal to the shear stiffness of the actual wall [1] . The calculation steps then follows the ordinary matrix structural analysis as given amongst others by Holzer [4] .
The third method is the use of finite element models (Figure 1(b) ), where in this paper the calculation are executed by the SAP and ETABS programs.
Result Comparisons
Structure A is a five-storied shear wall-frame structure with hinged boundary beams, as shown in Figure 2 (b). This is analyzed by using the manual calculations for shear wall frame interaction using free-standing shear wall model (Figure 1(a) ), and the matrix method using equivalent frame model (Figure 1(c) ). In this example, the shear deformations are neglected in order to compare results given by the manual and the matrix methods [1] with the results compiled by Gutierez [5] : the approximate method by Khan and Sbarounis [3, 5] , story element method by Wang [6, 5] , and exact matrix and simplified methods as described by Gutierez [5] . Structure B is a four-storied shear wall-frame structure with rigid boundary beams, as shown in Figure 2 (a). It is calculated manually, based on the shear wall, as shown in Figure 1 (a), and the matrix method where the shear wall is modeled with an equivalent frame shown in Figure 1 (c). The structural dimensions are given in [1] . The calculations are compared with the results of commercially available computer programs, such as SAP and ETABS using finite element analyses and where the shear walls are modeled as shell elements shown in Figure 1 (b). The finite element analyses were carried out by Gitomarsono [7] .
Structure C is a ten-storied shear wall-frame structure with rigid boundary beams, shown in Figure 2 (a). The comparison is between the use of the manual calculation for the free-standing shear wall model ( Figure 1(a) ) and the matrix method for the equivalent frame model (Figure 1(c) ). The structural dimensions are given in [1 and 5] . Similar studies on ten-storied shear wall-frame structures are also carried out by Zai [8] .
Results and Discussions
The results for Structure A are given in Tables 1-6 . Table 1 shows horizontal deformations of shear wall-frame interaction. It is observed that there are some discrepancies: The manual calculation [1] should have been the same with the Khan-Sbarounis method [5] , which is not the case here. Likewise, the matrix method [1] should have also been the same as the matrix exact method [5] . Whereas the manual calculation clearly showed that, where the axial deformations are restrained, results in a stiffer structure are indicated by smaller horizontal deformations compared to the matrix method [1] , and this is not the case when comparing the exact and Khan-Sbarounis methods [5] . Nothing can be concluded from the Wang and simple methods [5] since they are just simplified methods analyses. Tables 1, 2 and 3 also show that structural rigidity depends on frame rigidity, which is shown by the smaller deflections and larger frame shear forces compared to the manual and matrix methods [1] . This case is not in agreement with the results derived from the exact, Wang, Khan and Sbarounis, and Simple methods, as compiled by Gutierez [5] . There are possibilities that there are some calculation or modeling differences that are not clearly explained. In some cases, the differences among frame shear forces exceed the commonly assumed modeling error of ten percent, whereas some of them result in sign reversals, particularly in the upper stories of the structure. Tables 1 and 2 show that while the deformations do not display significant differences, the differences in the frame forces are quite significant. Table 3 shows that at the top story the shear force differences are significant percentagewise. To explore the validity of manual calculation by restraining the axial shortening of the column, a comparison with a longer frame span is carried out, as shown in Table 4 . It is shown that when the frame span is doubled while doubling the beam moment of inertia to keep the beam stiffness the same, the matrix analysis results are getting closer to the results of manual calculation, and that of the frame with restrained axial deformations. By increasing the frame span as shown in Table 5 , the resulting axial forces of the columns decrease significantly, thus reducing column axial deformation, making the differences between the manual calculation and the matrix analysis smaller. This means that manual calculation is more suitable for frames with longer beam spans. However, the manual calculation and matrix analysis of the frame with restrained axial deformations, practically give similar results regardless of the span length. When the boundary beams are rigid, as shown in Figure 2 (a), the shear wallframe structure becomes significantly stiffer, as shown in Table 6 , as compared to the one shown in Table 4 . The force distribution between the shear wall and the frame also changes significantly. When shear wall shear deformations are instead considered, the shear wall-frame structure becomes more flexible and the frame columns carry larger shear forces than was previously assumed, with the pure bending only shear wall. Both of these simplified assumptions result in non-conservative frame forces. The results for Structure B are shown in Tables 7-9 , and 10. Table 7 shows that the manual calculation and the matrix method provide almost similar deformation values, particularly when compared to the results from SAP and ETABS programs, that were carried out by Gitomarsono [7] . The differences between SAP and ETABS are very significant, representing both extremes, despite using the same shell element models to represent the shear wall. To use these commercial programs a proper understanding of finite element modeling is necessary. Table 8 shows that the resulting forces are relatively closer to each other, as compared to their respective deformation results. In the ETABS software, the forces on the shell element are expressed through in-plane stresses. To obtain the shear forces, it is more accurate to just calculate from the horizontal equilibrium than simply taking the average of the stresses at the element nodes, as shown on the right hand side of Table 8 . As close as the results for the shear wall are, it is not exactly the case for the frame forces as shown in Table 8 for the column base shear forces. In this case, SAP and ETABS also represent both extremes. Table 9 and 10 show the moments of the beams at the near end (at the shear wall) and at the far end (the opposite end). The differences are more obvious when measured in percentages. Table 10 shows significant differences between the SAP and ETABS results despite the use of the same shear wall models. These differences are clearly visible, as illustrated in Figure 3 , where the column bottom moments are calculated. It is shown that the ETABS program results deviate significantly from those produced by other methods. The results from Structure C show that due to the axial shortening of the members, particularly columns, the difference between the manual calculation and the matrix method is significantly visible. The difference increases as the story increases as shown in Table 11 . This is due to the cumulative effect of column axial shortening from bottom to the top story. Whereas the differences are negligible at the first story, at upper stories the differences become more significant. However, the design is determined by the bottom story, where the forces are critical. 
